Lesion mimic mutants are powerful tools for unveiling the molecular connections between cell death and pathogen resistance. Various proteins responsible for lesion mimics have been identified; however, the mechanisms underlying lesion formation and pathogen resistance are still unknown. Here, we identify a lesion mimic mutant in rice, lesion mimic leaf 1 (lml1). The lml1 mutant exhibited abnormal cell death and resistance to both bacterial blight and rice blast. LML1 is expressed in all types of leaf cells, and encodes a novel eukaryotic release factor 1 (eRF1) protein located in the endoplasmic reticulum. Protein sequences of LML1 orthologs are conserved in yeast, animals and plants. LML1 can partially rescue the growth delay phenotype of the LML1 yeast ortholog mutant, dom34. Both lml1 and mutants of AtLML1 (the LML1 Arabidopsis ortholog) exhibited a growth delay phenotype like dom34. This indicates that LML1 and its orthologs are functionally conserved. LML1 forms a functional complex with a eukaryotic elongation factor 1A (eEF1A)-like protein, SPL33/LMM5.1, whose mutant phenotype was similar to the lml1 phenotype. This complex was conserved between rice and yeast. Our work provides new insight into understanding the mechanism of cell death and pathogen resistance, and also lays a good foundation for studying the fundamental molecular function of Pelota/DOM34 and its orthologs in plants.
Introduction
Programmed cell death (PCD), a process programmed by an organism to kill its own cells, is ubiquitous and genetically regulated. PCD is essential to the development and defense of multicellular organisms. In plants, PCD is required both for normal development and for response to pathogen infection (Bruggeman et al. 2015) . Developmental PCD occurs during leaf senescence, plant reproductive development, such as in the tapetum in the anther, and during the development of tracheary elements in xylogenesis (Kuriyama and Fukuda 2002) . During the response to pathogen infection, the hypersensitive response (HR) cell death is one of the most effective and rapid resistance reactions, wherein rapid PCD of cells directly in contact with or near the pathogen occurs (Lorrain et al. 2003 , Zeng et al. 2004 .
The cell death seen in lesion mimics, which exhibit spontaneous lesion formation without pathogen infection, resembled HR PCD. Most lesion mimic mutants show enhanced disease resistance to various pathogens, and have therefore been used as powerful tools to dissect the connections between regulation of HR-like PCD and disease resistance signaling pathways in plants (Lorrain et al. 2003) . For example, lesion mimic genes encode membrane-associated proteins such as VAD1 (Lorrain et al. 2004 ), BIR1 (Gao et al. 2009 ), FZL (Gao et al. 2006 ) and ACD6 (Lu et al. 2003) , signal transduction-associated proteins such as CPR22/GOF (Yoshioka et al. 2001 , Urquhart et al. 2007 ), DND1 (Yu et al. 1998 , Clough et al. 2000 , Ahn 2007 ), EXO70b1 (Kulich et al. 2013 , Stegmann et al. 2013 , EDR1 (Frye et al. 2001 , Zhao et al. 2014 , MKP4 (Petersen et al. 2000) , PUB13 ) and SPL11 (Zeng et al. 2004) , proteins involved in the biosynthesis/metabolic pathways of Chl, fatty acid/lipids, sphingolipids and porphyrin such as ACD1 (Tanaka et al. 2003) , ACD2 (Mach et al. 2001) , ADG2 (Rate and Greenberg 2001) , CSLF6 (Vega-Sanchez et al. 2012) , ERH1 (Wang et al. 2008) , RLIN1 (Sun et al. 2011) , MIPS1 (Donahue et al. 2010) and SSI2 , Mandal et al. 2012 , and transcription and post-transcription factors such as CAMTA3/SR1 (Galon et al. 2008 , Du et al. 2009 ), SPL7 (Yamanouchi et al. 2002) , LMS (Undan et al. 2012) , UPF1 and SMG7 (Riehs-Kearnan et al. 2012) , SPL33/LMM5.l and LMM5.4 . However, the molecular mechanism of cell death is still unclear. Dom34 (PELOTA in Homo sapiens), the evolutionarily conserved eukaryotic release factor 1 (eRF1), is reported to form a protein complex with Hbs1; the complex is involved in no-go decay-associated mRNA surveillance (Shoemaker et al. 2010) , transposon silencing in the Drosophila germline (Yang et al. 2015) and in recycling ribosomes stalled at truncated mRNA and 3'-untranslated regions (Guydosh and Green 2014, van den Elzen et al. 2014) . In yeast, the DOM34 knockout strain exhibited a growth delay when the supply of ribosomes was reduced (Davis and Engebrecht 1998, Balagopal and Parker 2011) ; in mammals, Pelota was involved in the cell cycle, and the absence of Pelota causes embryonic lethality (Adham et al. 2003) . However, the molecular mechanism of Pelota/Dom34 and the biological function of its orthologs in the plant kingdom are unknown.
Here, we report a novel lesion mimic mutant in rice, lml1. The lml1 mutant exhibited misregulated cell death that was light, photoperiod and temperature dependent, and was resistant to two types of rice pathogens. LML1 encodes an eRF1 located at the endoplasmic reticulum (ER). LML1 forms a functional complex with a eukaryotic elongation factor 1A (eEF1A) SPL33/LMM5.1, and this complex was conserved between rice and yeast. LML1 has orthologs in plants, yeast and animals. The lml1, Atlml1-1 and Atlml1-2 (mutants of the LML1 otholog in Arabidopsis) and the yeast dom34 mutant exhibited similar growth delay phenotypes. LML1 could partially rescue the yeast dom34 mutant phenotype. This suggests that LML1 and its orthologs are functionally conserved and might have similar fundamental molecular functions to dom34. Transcriptome analyses suggest that LML1 might be involved in multiple pathways. The identification of an eRF1 protein involved in lesion formation, and the interaction between LML1 and SPL33/ LMM5.1 provides a new connection between cell death and pathogen resistance, and can help to unveil the molecular mechanism of cell death and pathogen resistance in rice. It also lays a good foundation for studying the molecular function of Pelota/Dom34 in animals and its orthologs in plants.
Results

Phenotypic characterization of lml1
The lml1 mutant was obtained from an EMS (ethyl methanesulfonate) mutant library of the indica parent Shuhui498. Brown lesions were observed on lml1 leaves (Fig. 1A, B) . At the seedling stage, the lesions first appeared on the third leaf sheath (Fig. 1C-E) , then gradually expanded to the entire leaf blade. At the booting stage, lesions appeared at the top of leaf blades and spread down to affect the entire leaf ( Fig. 1F-H) .
Regarding the agronomic traits of lml1, nearly all organs of lml1 were significantly smaller than in the wild type (WT), such as plant height, panicle length, culm thickness, grain number per panicle, grain length and width, 1,000-grain weight, anther and stigma; only the tiller number per plant was not different in the WT and lml1 (Supplementary Figs. S1A-E, S2A-H). The decreased plant height of lml1 was mainly caused by shortened uppermost and second internodes ( Supplementary Fig. S1B ). The deceased 1,000-grain weight was mainly due to the shortened grain length and width (Supplementary Figs. S1C, D, S2G, H) .
LML1 negatively regulates cell death
We used trypan blue staining to detect whether the lesions of lml1 were caused by cell death and irreversible membrane damage. Deep blue staining was observed in and around the lesions of lml1 (Fig. 2C, D) , whereas no blue staining was observed in WT leaves ( Fig. 2A, B) . Diaminobenzidine (DAB) is an indicator of the generation and accumulation of H 2 O 2 in cells. Using DAB staining with leaves of the WT and lml1, we observed dark staining in and around the lesions in lml1 (Fig. 2G, H ), but no staining in the WT (Fig. 2E, F) . Together, these results suggested that H 2 O 2 accumulation and irreversible membrane damage caused the cell death responsible for the lesion formation in lml1. Further, a terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay was performed with the WT and lml1 to detect DNA fragments, a hallmark of PCD. An obviously strong TUNEL signal was observed in lml1 ( Fig. 2L-N) , but not in the WT (Fig. 2I-K) , suggesting that PCD initiation in the lml1 mutant was much earlier than that in the WT, and ultimately led to the cell death and lesion mimic phenotype of lml1.
LML1 affects programmed cell death during leaf senescence
Leaf senescence is a consequence of PCD. As uncontrolled PCD was observed in the lml1 mutant, we investigated PCD during leaf senescence in the WT and lml1. We first performed transmission electron microscopy (TEM) of leaves. Compared with the WT, in lml1 there were more starch granules and osmiophilic droplets in chloroplasts in leaves without cell death (Fig. 3A-D) . In regions with cell death in lml1, collapsed cells and few intact organelles were observed ( Fig. 7E-H) . Compared with the WT, obscure chloroplast grana and many more osmiophilic droplets in chloroplasts were observed in lml1, suggesting abnormal chloroplast degradation in this mutant ( Fig. 3E-H) . Given the defective chloroplasts in lml1, we measured Chl a, Chl b and carotenoids at the seedling, tillering, heading and filling stages. All of these pigments were decreased in the lml1 mutant at the tillering, heading and filling stage, but no difference was observed at the seedling stage (Fig. 3I-L) , consistent with our TEM observations. Taking these findings together, the PCD of leaf senescence in lml1 was disturbed, indicating that LML1 is involved in PCD during leaf senescence.
The effect of LML1 on cell death is dependent on light, photoperiod and temperature
The initiation of cell death in many lesion mimic mutants depends on light (Bruggeman et al. 2015) . In lml1, no cell death was observed in areas covered with aluminum foil, but cell death was obvious 5 d after removing the foil (Fig. 4A) . The effect of photoperiod and temperature on cell death initiation was also investigated. Under short days, the cell death initiation of lml1 was much slower than under long-day conditions Fig. 1 Phenotype comparison of the WT and lml1. Comparison of WT and lml1 plant (A) and leaf (B); the lesion mimic phenotype of lml1 was first visible on the leaf sheath at the seedling stage (D), magnified WT (C) and lml1 (E) sheath; at the booting stage, the lesion mimic phenotype of lml1 was initiated at the leaf tip (F) and expanded to the bottom of the leaf (G, H).
Histochemical analysis for cell death detection in lml1. WT (A and E) and lml1 (C and G) leaves before staining; trypan blue staining of the WT (B) and lml1 (D), and DAB staining of the WT (F) and lml1 (H). DNA fragment detection by TUNEL assay between WT (I-K) and lml1 (L-N) leaves. The blue signal shows nuclei stained by DAPI (4',6-diamino-2-phenylindole); the green signal is the DNA fragment signal labeled by FITC (fluorescein isothiocyanate).
( Fig. 4B) , and cell death was much slower at 26 C than at 32 C (Fig. 4C) . Together, these results suggested that the cell death affected by LML1 is dependent on light, photoperiod and temperature.
Genetic analysis and map-based cloning of lml1 All F 1 s from two crosses between lml1 and HuaB or the WT exhibited no lesion on leaves, indicating a recessive trait. Among 2,112 and 3,498 F 2 plants generated from those two crosses, 491 and 871 plants, respectively, showed lesion mimic leaves [ 2 (3:1) = 2.36 < 2 (0.05) = 3.84]. This indicated that the lml1 phenotype was controlled by a single mutation.
We performed map-based cloning to identify the mutation responsible for the lml1 phenotype using the population generated from the cross between lml1 and HuaB. RM5478 and RM1112 on chromosome 4 were polymorphic between the two DNA bulks, each having 10 F 2 plants with or without lesion mimic leaves, indicating that the candidate mutation is located on chromosome 4. Nine polymorphic InDel markers between lml1 and HuaB were used to analyze 871 individuals with lesion mimic leaves. The candidate mutation was mapped to a 46.1 kb region between I8 and I7, and co-segregated with I3 (Fig. 5A) .
The co-segregating marker I3 is located between LOC_Os04g56470 and LOC_Os04g56480. Therefore, we first sequenced these two genes in the WT and lml1. A non-synonymous mutation from G to T was detected in the predicted fifth exon of LOC_Os04g56480, encoding an eRF1, which led to 
Identification of early leaf senescence in lml1. TEM observation of chloroplasts of WT (A, B) and lml1 (C, D) leaves before and WT (E, F) and lml1 (G, H) leaves after cell death initiation. The magnification is Â6,000 for (A), (C), (E) and (G); and Â20,000 for (B), (D), (F) and (H). Pigment content analysis of chloroplasts (I-L). Chl a (I), Chl b (J), carotenoids (K) and total Chl (L) between the WT and lml1; S, the seedling stage; T, the tillering stage; H, the heading stage; F, the filling stage. * and ** represent significant differences at P < 0.05 and P < 0.01, respectively. The error bar shows the SD (n = 3).
an amino acid substitution from tryptophan to leucine in lml1 (Fig. 5B) . The mutation site was located in the eRF1 domain conserved among plants and animals ( Fig. 5B , C), suggesting that this amino acid was possibly important for the function of LOC_Os04g56480. The background of lml1 was indica Shuhui498, which is difficult to use for transformation. Therefore, to confirm that the mutation of LOC_Os04g56480 led to the lml1 phenotype, we generated three independent knockout lines of LOC_Os04g56480 in the Nipponbare (Nip) background using a clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein-9 (CRISPR/ Cas9 approach). Three lines (lml1-1, lml1-2 and lml1-3) harbored nucleotide insertions and/or deletions in the fifth exon, which led to amino acid deletions or substitutions in lml1-1 and lml1-2, and to a premature stop codon in lml1-3 ( Fig. 6A-C) . Three knockout lines displayed dwarf and lesion mimic phenotypes similar to lml1 (Fig. 6D , E), indicating that the nucleotide substitution at LOC_Os04g56480 in lml1 is responsible for the lml1 phenotype, and lml1 is a loss-of-function mutant. On the other hand, the phenotype of lml1-1 was much weaker than that of lml1-2 ( Fig. 6D, E) , but, compared with the WT, lml1-2 harbored only one more amino acid substitution (160th threonine to serine) than lml1-1, suggesting that the 160th threonine plays an important role in plant height and lesion formation. No lesion mimic or developmental defects were observed in the LML1 overexpression lines ( Fig. 6F, G ; Supplementary Fig. S3A , B).
LML1 is an evolutionarily conserved protein
We performed bioinformatics analyses using the LML1 fulllength protein sequence as a query to search for the closest relatives. Thirty-five annotated protein sequences related to LML1 were obtained from plants, mammals and fungi, but no ortholog was identified in bacteria. All identified proteins were predicted to be Pelota/Dom34 proteins with an eRF1 domain. A single ortholog of LML1 was identified in most species, but Glycine max, Citrus sinensis, Prunus persica, Brachypodium distachyon and Setaria italica had two copies (Fig. 7A ). These 35 protein sequences were grouped into three clades: the plant clade indicated by triangles, the animal clade indicated by red dots and the fungal clade indicated by black squares (Fig. 7A ).
In the plant clade, the identity between LML1 and its orthologs ranged from 66% to 95%, and those protein sequences were grouped into three subclades indicated by blue, red and green triangles. The species in three subclades belong to chlorophytes (blue triangles), gymnosperms (red triangles) and angiosperms (green triangles), respectively (Fig. 7A) . Interestingly, the identity between LML1 and its ortholog in animals (indicated by red circles) was very uniform (75%), suggesting that protein sequences of LML1 homologs are especially conserved among animal species. In fungi (indicated by black squares), orthologs, including DOM34, shared around 50% identity with LML1 ( Fig. 7A) .
To determine whether LML1 was functionally conserved between rice and other eukaryotes, we first transformed a construct harboring the LML1 cDNA into the temperature-sensitive knockout yeast mutant dom34, in which the cell cycle is arrested (Davis and Engebrecht 1998) . The growth rate of dom34 harboring LML1 cDNA was obviously faster than that of dom34 harboring empty vector, but still slower than that of the WT at 15 C, whereas at 30 C no obvious difference in growth rate was observed among the WT, dom34 harboring LML1 or the empty vector (Fig. 7B, C) , indicating that LML1 can partially rescue the dom34 phenotype. Moreover, the lml1 and lml1-1, 2, 3 lines also exhibited an obvious growth delay (Figs. 1D, 6D, E) , and the expression of cell cycle genes was significantly lower in the knockout line lml1-1 ( Supplementary  Fig. S4 ), suggesting a delayed cell cycle in lml1. Two Arabidopsis mutant alleles of the LML1 ortholog (Atlml1-1 and Atlml1-2) were identified. Both Atlml1-1 and Atlml1-2 showed an apparent growth delay relative to Col ( Fig.7D-F; Supplementary Fig.  S5A, B) , and the expression of cell cycle genes was significantly lower ( Supplementary Fig. S5C ), suggesting delayed cell cycle progress in these two Arabidopsis mutants. Additionally, Pelota, the LML1 ortholog in Drosophila, was also involved in the cell cycle pathway (Eberhart and Wasserman 1995, Adham et al. 2003) . Together, LML1 is conserved at the protein sequence and partially functionally conserved among plants, animals and fungi.
Expression pattern of LML1
The expression pattern of LML1 was investigated in roots, shoots, leaves and panicles by reverse transcription-quantitative PCR (RT-qPCR). LML1 was expressed in all investigated tissues, and strongly expressed in leaves at the booting, heading and filling stages (Fig. 8A) . We further performed RNA in situ hybridization to investigate the spatial expression pattern of LML1 using leaf sections. The expression of LML1 was detected in most cells, such as mesophyll cells and both upper and lower epidermal cells (Fig. 8B, C ). An LML1-green fluorescent protein (GFP) fusion protein was transiently expressed in rice protoplasts to analyze its subcellular localization. LML1 was co-localized with the ER marker HDEL-mCherry (Nelson et al. 2007 ), suggesting that LML1 was localized to the ER (Fig. 8D-K) . The co-localization with an ER marker in Nicotiana benthamiana leaves further supported the ER localization (Fig.8L-S) .
LML1 is involved in the regulation of defense response to bacterial blight and rice blast As lml1 showed HR-like cell death, we analyzed the resistance of lml1 to bacterial blight and rice blast. After inoculating the WT and lml1 with isolates of six Xanthomonas oryzae pv. oryzae (Xoo) pathotypes virulent against the WT (R498), significantly enhanced resistance was observed in lml1. Among the six isolates, lml1 showed high resistance to P2, P6 and Jiang7, and some resistance to 8248, Jiang3 and Jiang9 (Fig. 9A, B) . Because all tested isolates of Magnaporthe oryzae were not virulent against the WT (R498), we used Nip and the knockout line (lml1-1) to examine the defense response of LML1 to M. oryzae. Compared with Nip, lml1-1 exhibited significantly enhanced resistance to the four M. oryzae isolates (Fig. 9C, D) . We then examined the expression levels of pathogen resistance genes in leaves showing cell death, including PR1, PBZ1, NAC, PAL1 and PR10, in the WT, lml1, Nip and lml1-1. Consistent with inoculation results, the expression of all analyzed genes was significantly higher in lml1 or lml1-1 leaves with cell death (Fig. 9E) . We also analyzed the defense response using LML1-overexpressing lines to investigate whether overexpressed LML1 decreased resistance against pathogens, but no difference was observed between Kasalath and overexpression lines ( Supplementary Fig. S6A, B ).
LML1 formed a functional complex with SPL33/ LMM5.1
To uncover the mechanism of LML1 regulation of cell death in rice, we used bimolecular fluorescence complementation (BiFC) to test the interaction between LML1 and proteins in which their mutant showed a lesion mimic phenotype. SPL33/ LMM5.1 interacted with LML1 in N. benthamiana leaves (Fig. 10A-I) . A co-immunoprecipitation assay in N. benthamiana leaves confirmed the interaction between LML1 and SPL33/LMM5.1 (Fig. 10J, K) , and a yeast two-hybrid assay also confirmed this interaction (Fig. 10L-O) . SPL33/LMM5.1 encodes an eEF1A-like protein. Moreover, SPL33/LMM5.1 also localized to the ER , Zhao et al. 2017 . Together, these results suggest that LML1 formed a functional complex with SPL33/LMM5.1. To test whether the interaction between LML1 and SPL33/LMM5.1 was conserved between rice and yeast, we investigated whether Dom34 (LML1 homolog in yeast) interacted with TEF1 (SPL33/LMM5.1 in yeast), and found that it did (Fig. 10P-S) . Together, these results indicated by RT-qPCR among the WT root, shoot, leaf blades and panicle at different stages. S1, root of seedling; S2, shoot of seedling; S3-S6, uppermost leaf blades at the tillering, booting, heading and filling stage, respectively; S7-S11, panicle of 1, 2, 4, 6 and 8 cm length, respectively. RNA in situ hybridization using WT leaf blade and the sense probe (B) or antisense probe (C). LML1 protein localization analysis in rice protoplasts (D-K) and N. benthamiana leaves (L-S). The empty vector as control was transformed into rice protoplasts (D-G) and N. benthamiana leaves (L-O). HDEL-mCherry, ER marker.
Fig. 7 Continued
Dme, Drosophila melanogaster; Rno, Rattus norvegicus; Hsa, Homo sapiens; Ssc, Sus scrofa; Ptro, Pan troglodytes; Sce, Saccharomyces cerevisiae; Cty, Candidatus Halobonum tyrrellensis; Mfe, Methanothermus fervidus; Mba, Methano bacterium. Complementation assay to the yeast dom34 knockout strain at 15 C (B) and 30 C (C), * and ** represent significant differences at P < 0.05 and P < 0.01, respectively. The error bar shows the SD (n = 4).(D-F) The phenotype of two mutant alleles (Atlml1-1 and Atlml1-2) of the LML1 ortholog in Arabidopsis. that LML1 interacted with SPL33/LMM5.1 in the ER to regulate cell death and development in rice, and this interaction was conserved in yeast.
LML1 is possibly involved in multiple pathways
LML1 encodes an eRF1, whose orthologs in yeast and Drosophila are involved in the cell cycle pathway by participating in mRNA surveillance, transposon silencing or ribosome recycling. In rice, it was clear that LML1 was involved in cell death, pathogen resistance and the cell cycle pathway. However, it was unknown whether LML1 was involved in other pathways. To investigate that, we performed transcriptome analysis between the WT and lml1, using seedling leaves when lml1 had obvious lesions. In total, 1,287 differentially expressed genes (DEGs) were detected, comprising 1,096 with higher expression and 191 with lower expression, relative to the expression level in the WT. To verify the reliability of these DEGs, we randomly selected 12 genes for RT-qPCR analysis; the expression pattern of all genes was reproducible, supporting the reliability of these DEGs ( Supplementary Fig. S7A,  B) . We then performed Gene Ontology (GO) analysis for all DEGs. A total of 22 GO terms were significantly enriched (Pvalue 0.01) in lml1, such as genes involved in response to biotic stimulus and signal transduction, which were related to pathogen resistance (Supplementary dataset S2) . For the genes with higher expression, 22 terms, including genes involved in response to biotic stimulus and cell death, were significantly enriched (Supplementary dataset S2), and four terms, including response to stress and sequence-specific DNA binding, were significantly enriched among the genes with lower expression (Supplementary dataset S2) . We further performed Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis; these DEGs were mapped to 61 pathways, and significantly enriched (P-value 0.01) in 16 pathways, including plantpathogen interaction, starch and sucrose metabolism, and phenylpropanoid biosynthesis pathways, which possibly contributed to the cell death and pathogen resistance in lml1 (Supplementary dataset S3) . Therefore, the transcriptome analysis between the WT and lml1 not only supported the idea that LML1functions in cell death and pathogen resistance, but also suggested that LML1 might participate in more processes, such as response to stress, metabolic processes and protein modification (Supplementary dataset S2).
Discussion
LML1 is involved in the regulation of cell death and pathogen resistance in rice
We identified a novel lesion mimic mutant, lml1, in rice. Various assays (DAB and trypan blue staining, callose analysis and TUNEL) indicated that the lesion mimic of lml1 exhibited disturbed cell death, caused by the abnormal H 2 O 2 accumulation and irreversible membrane damage. In terms of pathogen response, lml1 exhibited resistance to both M. oryzae and Xoo, and pathogen resistance genes were more highly expressed in lml1 than in the WT, indicating that LML1 was involved in the pathogen response pathway and affects pathogen resistance. Given the abnormal H 2 O 2 accumulation and irreversible membrane damage in the lml1 mutant, the lesion mimic phenotype of lml1 was also possibly caused by the loss of cellular homeostasis. An allelic mutant of lml1, ospelota, was shown to exhibit bacterial blight resistance and, before cloning of OsPELOTA, ospelota (originally spl hm47 ) exhibited broad-spectrum resistance to both blight and blast (Feng et al. 2013 , Zhang et al. 2018 . These results confirm that LML1/OsPELOTA is involved in the pathogen response pathway. Therefore, the identification of LML1 in cell death and pathogen resistance is helpful for dissecting the connection between HR-like cell death and the pathogen resistance pathway.
The relationship between cell death and light has been studied in lots of lesion mimic mutants, but few investigations have documented the relationship between cell death and photoperiod or temperature. We showed that the cell death initiation of lml1 was dependent on environmental factors (light, photoperiod and temperature); long days and high temperature can accelerate the lml1 cell death phenotype. SPL11 was reported as a convergence point of defense and flowering signaling; its cell death initiation is faster under short-day conditions (Liu et al. 2012) , that is the opposite of the case with lml1. Additionally, the lml1 mutant also showed a delayed flowering phenotype; therefore, LML1 might also function in the convergence point of defense and flowering signaling like SPL11. The investigation between cell death and light or temperature in lml1 provides a clue for fully dissecting the molecular mechanism of cell death in rice.
LML1 encodes an eRF1 protein and forms a complex with an eEF1A-like protein Various types of proteins have been shown to be involved in lesion mimic information. However, few proteins that participate in the translation process have been reported. The process from mRNA to peptide synthesis includes three main steps: initiation, elongation and termination. So far, only SPL33/ LMM5.1, involved in peptide elongation, was identified in the cell death and pathogen response , Zhao et al. 2017 . Here, we report a novel eRF1 protein, LML1, which plays an essential role in the cell death and pathogen resistance pathway. Based on the molecular function of Dom34 (LML1 homolog in yeast), LML1 was possibly involved in the termination of peptide synthesis or pathways related to ribosome recycling and translational quality control (Shoemaker et al. 2010, Guydosh and . However, the functional complex of LML1 or its homolog in yeast (Dom34) is unknown to date. The interaction between Dom34 and TEF1 provided a good clue to reveal that. TEF1 encodes an elongation factor 1-alpha, which was involved in transfer of aminocyl-tRNA to the A-site of ribosomes, nuclear export of aminoacyl-tRNA and translational quality control (Sandbaken and Culbertson 1988 , Grosshans et al. 2000 , Chuang et al. 2005 . Therefore, DOM34 was very likely to function in translational quality control by forming a complex with TEF1. In rice, LML1 and SPL33/LML5.1, the homolog of Dom34 and TEF1, also interacted, and LML1 was functionally conserved with Dom34. Therefore, LML1 formed a functional complex with SPL33/LML5.1, as in yeast. The similar cell death phenotype of lml1 and spl33/lmm5 and ER localization of LML1 and SPL33/ LML5.1 further supported the LML1:SPL33/LML5.1 functional complex, and might function in translation quality control like Dom34.
Together, the identification of LML1 and its interacting protein is helpful for unveiling the molecular mechanism of cell death and pathogen resistance in rice, for understanding the biological function of eRF1 proteins in plants and also for revealing the fundamental molecular function of Dom34 in yeast.
LML1 is an evolutionarily conserved protein LML1 shares 50-95% identity with its orthologs among plants, fungi and animals. The ortholog of LML1 in yeast, DOM34, shares approximately 50% identity with LML1. The dom34 mutant exhibited growth delay at 15 C because of the delayed cell cycle (Davis and Engebrecht 1998) . Both lml1 and LML1 knockout lines also exhibited delayed growth, and the expression of cell cycle genes was significantly lower. Moreover, the LML1 cDNA could partially rescue the delayed growth phenotype of dom34. These results suggested that LML1 was conserved between rice and yeast. Two mutant alleles of the LML1 ortholog in Arabidopsis (Atlml1-1 and Atlml1-2) mainly exhibited the delayed growth phenotype, and cell cycle gene expression was significantly lower. In animals, the Drosophila mutant of the LML1 ortholog, pelota, also showed a defective cell cycle. Taking these findings together, LML1 is an evolutionarily and functionally conserved protein among plants, animals and yeast.
Our work identified a novel eRF1 protein, LML1, which plays an essential role in cell death and pathogen resistance in rice. The cell death initiation of lml1 is dependent on environmental factors (light and temperature). Among plants, yeast and animals, the protein sequence of the LML1 ortholog was evolutionarily conserved; the fundamental function of LML1 was also partially conserved. LML1 formed a functional complex with an eEF1A-like protein, SPL33/LMM5.1 at the ER, and this complex is conserved between rice and yeast. Our work provided new insights not only for studying the molecular mechanism of cell death and pathogen resistance but also for unveiling the fundamental molecular mechanism of Pelota/DOM34 in animals and its orthologs in plants.
Materials and Methods
Materials
The lm1 mutant, the WT and the F 2 mapping populations were grown in rice paddies of Sichuan Agricultural University in Chengdu, Sichuan province and in Lingshui, Hainan province. The dom34 yeast mutant was provided by Rachel Green at Johns Hopkins University, while the mutants AT4G27650, Atlml1-1 (SALK_124403C) and Atlml1-2 (CS839660) were provided by Pamela J. Green at the University of Delaware.
Phenotype characterization of the lml1 mutant
Ten plants of the WT and lml1 were selected from each plot for agronomic trait analyses, including plant height, tiller number per plant, panicle length, grain number per panicle, seed setting, 1,000-grain weight, grain length and grain width. Three mean values from three plots were used for analysis of variance (ANOVA).
Evaluation of the resistance to bacterial blight and rice blast
The WT, the lm1 mutant, and IR24 and IRBB21 as controls were grown in the field for 6 weeks, and inoculated with isolates of six virulent Xoo pathotypes, namely P2, P6, 8248, Jiang3, Jiang7 and Jiang9. The inoculation and disease lesion lengths were determined according to Song et al. (1995) .
The knock-out line lml1-1 and the WT (Nip) were used for evaluation of the resistance to rice blast. Isolates of four M. oryzae pathotypes virulent on Nip were inoculated on the leaves grown for 6 weeks. The inoculation preparation and evaluation of the resistance to M. oryzae were performed as described (Fekih et al. 2015) .
Histochemical analysis
TEM for leaves was performed as described (Qin et al. 2013) . Briefly, leaf blades were fixed overnight in cacodylate buffer (2% paraformaldehyde and 2% glutaraldehyde, pH 7.2). Then the samples were washed with the same buffer and fixed for 1-2 h in 2% OsO 4 in phosphate-buffered saline (pH 7.2). Following ethanol dehydration, samples were embedded in acrylic resin (London Resin Company) and ultrathin sections were prepared. Samples were then double stained with 4% uranyl acetate and examined at 60-80 kV with a transmission electron microscope Tecnai G2 F20 (FEI).
For trypan blue staining, leaf blades were immersed in a lactic acid-phenoltrypan blue solution [2.5 mg ml -1 trypan blue, 25% (w/v) lactic acid, 23% watersaturated phenol and 25% glycerol in H 2 O] and heated in boiling water for 2 min, then destained in a 30% (w/v) chloral hydrate solution for 3 d. Samples were equilibrated with 50% glycerol for 5 h, and then photographed. For DAB staining, leaf blades were immersed in 1 mg ml -1 DAB containing 10 mM MES (pH 6.5) for 12 h in the dark at 30 C, transferred to buffer (90% ethanol and 10% glycerol) at 90 C to remove Chl, and then photographed.
TUNEL assay was performed using the TUNEL detection kit (TUNEL Apoptosis Assay Kit, Roche) with paraffin sections as described (Li et al. 2006) . 4',6-diamidino-2-phenylindole (DAPI) was used for nuclear staining. A fluorescence microscope (Nikon ECLIPSE Ti-SR) was used for photography.
CRISPR/Cas9 assay
The CRISPR/Cas9 system backbone vector was from the Guangyao Liu lab, and the approach used to generate the CRISPR/Cas9 plant expression vector was as in Zhang et al. (2014) and Ma et al. (2015) . The oligos used for generating short guide RNA (sgRNA) for LM1 are listed in Supplementary  Table S1 . The expression vector was introduced into Agrobacterium and transformed into rice calli. Sequencing using the primer pairs flanking the target sites (Supplementary Table S1 ) was performed to identify mutations in positive transgenic lines.
Protein phylogenetic analysis
The amino acid sequence of the LML1 ortholog and the identity between LML1 and its orthologs were identified by NCBI (https://blast.ncbi.nlm.nih.gov/Blast. cgi) or Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html) Blast using the protein sequence of LML1. The phylogenetic tree among orthologs was generated using the MEGA7 (Kumar et al. 2016) Neighbor-Joining method with default parameters and 1,000 bootstrap replications.
Yeast complementary assay and yeast two-hybrid assay
The LML1 cDNA was amplified from the WT, and cloned into a pYES2 yeast expression vector. The empty vector and plasmids harboring pYES2-LML1 were introduced into the dom34 mutant, and grown at 15 and 30 C. The growth rate was calculated as described (Davis and Engebrecht 1998) . Briefly, the concentration was adjusted to 1Â10 5 cells ml -1 before calculating growth rate, and each sample was split and grown at 15 or 30 C, then measured after growth for 6 h or 2 d. Three colonies were analyzed from each genotype, with three biological replicates.
GAL4-based yeast two-hybrid, yeast screen and interaction studies were used for our yeast two-hybrid assays. The cDNAs of LML1 and LMM5.1 were respectively cloned into the Y2H 'prey' vector pGADT7 (Clontech) and Y2H 'bait' vector pGBKT7 (Clontech). Then the bait and prey contructs were cotransformed into the yeast strain Y2HGold in selective medium DDO (SD/-Leu/-Trp). Finally, the selected yeast matings were dripped in 5 ml aliquots per clone (OD &0.5) onto the selective medium QDO/A (SD/-Ade /-His/-Leu/-Trp/+AbA).
Co-immunoprecipitation assay
Agrobacteria with LML1-GFP and HA-SPL33/LMM5.1 plasmids were injected into the 1-month-old N. benthamiana leaves. Total crude proteins were obtained in 500 ml of lysis buffer [50 mM Tris pH 8.0, 150 mM NaCl and 1 mM EDTA, containing 0.01 vol. of 1Â Protease Inhibitor Cocktail (Sigma)] and immunoprecipitated with anti-HA antibody. Immunoprecipitated and input proteins were separated by 8% SDS-PAGE and visualized by Coomassie brilliant blue G250. Immunoprecipitated proteins were analyzed by Western blotting using anti-HA and anti-GFP, respectively.
Subcellular localization
The LML1 cDNA was obtained from WT leaves using the primer pairs listed in Supplementary Table S1 , and then subcloned into the P2300 vector. The constructs harboring LML cDNA and the ER marker HDEL-mCherry (Nelson et al. 2007) were transformed into Agrobacterium EHA105, and then co-transformed into rice protoplasts and N. benthamiana leaves; the empty vector as control was also transformed into rice protoplasts and N. benthamiana leaves. After 12 h (rice protoplasts) or 48 h (N. benthamiana leaves), samples were examined for protein subcellular localization.
RNA extraction and qPCR assay
Total RNA from the root, seedling shoot, leaf blades at different stages, panicle of different lengths, and stem at the booting and heading stage was isolated using Trizol reagent (Invitrogen). For qPCR assays, three technical and three biological replicates were applied for each gene. A 600 ng aliquot of total RNA was reverse transcribed by the Primescript RT reagent kit with gDNA eraser (TAKARA). cDNA at 200 ng ml -1 was used for qPCR assay with gene-specific primers and SsoFast EvaGreen supermix (Bio-Rad) on a Bio-Rad CFX96 real-time system. All primers for qPCR are listed in Supplementary dataset S1.
Transcriptome analysis
Leaves of the WT and lml1 at 30 day after seedling were used for transcriptome analysis. RNA purity and integrity were checked using a NanoPhotometer spectrophotometer (IMPLEN) and RNA 6000 Assay kit of the Bioanalyzer 2100 system (Agilent Technologies). A total of 3 mg of RNA per sample was used for library generation. Sequencing libraries were generated using the NEBNext Ultra RNA library Prep Kit for Illumina following the manufacturer's recommendations. High-throughput sequencing was performed using an Illumina HiSeq 2500 genome analyzer (Illumina). A total of 60,476,767 and 52,971,902 clean reads of the WT and lml1, respectively, were mapped to the Rice Genome Annotation Project (http://rice.plantbiology.msu.edu/) using Bowtie v2.2.3 (Langdon 2015) . DEG analysis was performed using the edgeR program package (Robinson et al. 2010) . GO analysis of DEGs was performed using the GOseq R package (Young et al. 2010) , and KEGG analysis was performed as described (Mao et al. 2005) .
Supplementary Data
Supplementary data are available at PCP online. 
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